In Arabidopsis thaliana, flowering-time variation exists among accessions, and the winter-annual (late-flowering without vernalization) versus rapid-cycling (early flowering) growth habit is typically determined by allelic variation at FRIGIDA (FRI) and FLOWERING LOCUS C (FLC). FRI upregulates the expression of FLC, a central floral repressor, to levels that inhibit flowering, resulting in the winter-annual habit. Here, we show that FRI promotes histone H3 lysine-4 trimethylation (H3K4me3) in FLC to upregulate its expression. We identified an Arabidopsis homolog of the human WDR5, namely, WDR5a, which is a conserved core component of the human H3K4 methyltransferase complexes called COMPASS-like. We found that recombinant WDR5a binds H3K4-methylated peptides and that WDR5a also directly interacts with an H3K4 methyltransferase, ARABIDOPSIS TRITHORAX1. FRI mediates WDR5a enrichment at the FLC locus, leading to increased H3K4me3 and FLC upregulation. WDR5a enrichment is not required for elevated H3K4me3 in FLC upon loss of function of an FLC repressor, suggesting that two distinct mechanisms underlie elevated H3K4me3 in FLC. Our findings suggest that FRI is involved in the enrichment of a WDR5a-containing COMPASS-like complex at FLC chromatin that methylates H3K4, leading to FLC upregulation and thus the establishment of the winter-annual growth habit.
INTRODUCTION
The timing of the developmental transition from a vegetative to a reproductive phase (i.e., flowering) is crucial to reproductive success in angiosperms. In a given environment, a plant can respond to environmental signals and integrate the responses with its developmental state to flower at a right time. In Arabidopsis thaliana, naturally occurring flowering-time variation exists among wild accessions, and FRIGIDA (FRI) is a major determinant of natural variation in flowering time (Johanson et al., 2000) . The winter-annual (late-flowering without vernalization) versus rapid-cycling (early flowering) growth habit is often determined by allelic variation at FRI and FLOWERING LOCUS C (FLC) (Johanson et al., 2000; Gazzani et al., 2003; Michaels et al., 2003) . FRI is a plant-specific protein with coiled-coil domains (Johanson et al., 2000) , and FLC is a MADS box transcription factor that quantitatively inhibits the floral transition in Arabidopsis (Michaels and Amasino, 1999; Sheldon et al., 1999) . Winter annuals typically have dominant alleles of FRI and FLC, whereas rapid-cycling accessions have either a nonfunctional fri allele or a weak flc allele (Johanson et al., 2000; Gazzani et al., 2003; Werner et al., 2005) . The role of FRI is to upregulate FLC expression to levels that inhibit flowering, resulting in the winterannual growth habit (Johanson et al., 2000) .
FLC plays a central role in flowering-time regulation in Arabidopsis. In rapid-cycling accessions that lack FRI, autonomous pathway (AP) genes, such as FCA, FPA, FVE, FY, LUMINIDE-PENDENS, and FLOWERING LOCUS D (FLD) , constitutively repress FLC expression to promote flowering (Baurle and Dean, 2006) . The AP gene-mediated repression can be overcome by a functional FRI, and introgression of FRI into a rapid-cycling accession, such as Columbia (Col), converts it into a winterannual-like line (Lee et al., 1994) . In winter annuals, vernalization (a prolonged cold exposure) overrides FRI function to repress FLC expression, leading to acceleration of flowering after the plants return to warm growth conditions (Michaels and Amasino, 1999; Sheldon et al., 1999) .
A number of genes required for FLC expression (or upregulation) have been identified, and these genes can be largely classified into two groups based on their effects on FLC expression. One group consists of general transcriptional regulators that are required for FLC expression in both AP mutants and FRI-containing lines. For instance, mutations in EARLY FLOW-ERING7 (ELF7) (He et al., 2004) , VERNALIZATION INDEPEN-DENCE5 (Oh et al., 2004) , PHOTOPERIOD-INDEPENDENT EARLY FLOWERING1 (PIE1) (Noh and Amasino, 2003) , and EARLY FLOWERING IN SHORT DAYS (also known as SDG8) Zhao et al., 2005) suppress FLC expression and cause early flowering. In addition to FLC, these genes also regulate other loci; thus, mutations in these genes give rise to pleiotropic phenotypes.
The other group of genes appears to be required specifically for FRI-mediated FLC upregulation, including FRI-LIKE1 (FRL1), FRIGIDA-ESSENTIAL1 (FES1), and SUPPRESSOR OF FRIGIDA4 (SUF4); mutations in these genes strongly suppress FRI-mediated FLC upregulation but only moderately suppress elevated FLC expression in AP mutants (Michaels et al., 2004; Schmitz et al., 2005; Kim and Michaels, 2006) . SUF4 directly interacts with the FLC locus, can also interact with FRI in vitro, and may be involved in the recruitment of FRI to the FLC locus . However, it remains unclear how FRI activates FLC expression.
Recent studies have shown that chromatin modification plays an important role in modulating FLC expression. For instance, FLC expression requires deposition of the histone variant H2A.Z in FLC chromatin by a PIE1-containing complex whose known components include ACTIN-RELATED PROTEIN6 (also known as SUF3 and ESD1) and SERRATED LEAVES AND EARLY FLOWERING (also known as SWC6) (Choi et al., 2005 (Choi et al., , 2007 Deal et al., 2005 Deal et al., , 2007 Martin-Trillo et al., 2006; March-Diaz et al., 2007) . The AP genes FLD, FCA, FPA, and FVE are involved in repressive histone modifications in FLC and repress its expression. FLD, a plant homolog of the human Lysine-Specific Demethylase1 (LSD1) that has been found in histone deacetylase (HDAC) corepressor complexes (Shi et al., 2004; Lee et al., 2006) , is involved in H3K4 demethylation and histone deacetylation in FLC Jiang et al., 2007; Liu et al., 2007) . Both FCA and FPA, encoding putative RNA-Recognition Motif-type RNA binding proteins, largely act through FLD to repress FLC expression Baurle and Dean, 2008) . FVE, a retinoblastomaassociated protein, is partly involved in histone deacetylation of FLC chromatin (Ausin et al., 2004) . The Polycomb-repressive complex 2 subunit CURLEY LEAF (Schubert et al., 2006) directly interacts with FLC chromatin and mediates deposition of repressive H3 Lys-27 trimethylation in FLC to repress its expression (Jiang et al., 2008) . In addition, histone H4 dimethylation at Arg 3 (H4R3) in FLC by Type I and Type II Arg methyltransferases is also associated with FLC repression Pei et al., 2007; Wang et al., 2007) . Recent studies also reveal that vernalization leads to repressive histone modifications in FLC, such as increased di-and trimethylation of histone H3 at Lys-9 and at Lys-27 and H4R3 dimethylation, to repress FLC expression (reviewed in Sung and Amasino, 2005; Baurle and Dean, 2006; He, 2009) .
Histone H3K4 methylation plays an important role in regulating transcription in eukaryotes and is dynamically regulated by H3K4 methyltransferases and demethylases. The «-amino group of H3K4 residues can be mono-, di-, and trimethylated (Dou et al., 2006; Shilatifard, 2008) . H3 lysine-4 trimethylation (H3K4me3) is closely coupled with active gene expression, and the trimethyl H3K4 mark can be recognized by the evolutionarily conserved ATP-dependent chromatin remodeling machines, such as CHD1 and NURF in human, which remodel target gene chromatin leading to transcriptional activation (reviewed in Ruthenburg et al., 2007) . In the well-studied Saccharomyces cerevisiae, H3K4 methylation is catalyzed by COMPASS (for Complex Proteins Associated with Set1), which contains an H3K4 methyltransferase known as Set1 (Miller et al., 2001) . COMPASS-like complexes have been identified in human, including the hSET1 Figure 1 . Amino Acid Sequence Alignment of Arabidopsis WDR5a (At WDR5a) and WDR5b (At WDR5b) with S. cerevisiae SWD3 (Sc SWD3) and Homo sapiens WDR5 (Hs WDR5).
Numbers refer to amino acid residues. Identical residues are shaded black, and similar residues are shaded gray. complex and the MLL1 complex, and are capable of catalyzing H3K4 methylation and activating target gene expression (Shilatifard, 2008) . All these complexes contain four evolutionarily conserved core components, namely, a relative of the yeast Set1 and three structural components, including Ash2, RbBP5, and WDR5 (Shilatifard, 2008) , and an in vitro reconstituted core complex composed of these four components has H3K4-specific methyltransferase activity (Dou et al., 2006) .
It has been shown that levels of H3K4me3 are increased in actively transcribed FLC chromatin (He et al., 2004; Pien et al., 2008 ). An ELF7-containing complex known as PAF1c is required for FLC upregulation and for the associated H3K4me3 increase in FLC in the FRI background or AP mutants (He et al., 2004; Oh et al., 2004) . Furthermore, ATX1, an H3K4 methyltransferase and a homolog of the Drosophila melanogaster TRITHORAX and the yeast Set1 (Alvarez-Venegas et al., 2003) , is also required for H3K4me3 in FLC, and the atx1 mutation moderately suppresses FLC expression in the FRI background (Pien et al., 2008) . In addition, ATX2 (for ARABIDOPSIS TRITHORAX2), a homolog of ATX1, is also involved in FLC regulation because the atx1 atx2 double mutation strongly suppresses FLC expression in the FRI background (Pien et al., 2008) .
Although increased H3K4me3 has been shown to be associated with FLC chromatin in the FRI background, this increase is also associated with elevated FLC expression in AP mutants (He et al., 2004; Kim et al., 2005) . Hence, the role of FRI in the H3K4 methylation of FLC chromatin is yet to be determined. In addition, little is known on how H3K4me3 is deposited at FLC and other loci. Furthermore, although recent studies have shown that the AP genes, such as FLD and FVE, are involved in H3K4 demethylation and deacetylation of FLC chromatin, it is essentially unknown how FRI overcomes these repressive modifications to upregulate FLC expression.
Here, we show that WDR5a, a homolog of a structural component of the human COMPASS-like complexes, binds histone H3 tails and also interacts with the ATX1 H3K4 In an effort to identify the Arabidopsis homologs of core components of the human COMPASS-like complexes, we found that there are two Arabidopsis homologs of the human WDR5, namely, At WDR5a and At WDR5b (Figure 1 ). The amino acid sequence identity between WDR5a and the human WDR5 over the entire WDR5a is 63%, and the identity between WDR5b and the human WDR5 over the entire WDR5b is 58%.
We sought to address biological functions of these two genes. First, we identified a loss-of-function mutant of WDR5b with a T-DNA insertion in its coding region; however, no obvious phenotypes were observed in wdr5b mutants (see Supplemental Figure  1 online). As no wdr5a mutants were identified, a doublestranded RNA interference (RNAi) approach using a WDR5a-specific fragment with no homology to WDR5b (Figure 2A ), was employed to specifically knock down WDR5a expression. Two independent homozygous transgenic lines with a single T-DNA locus, wdr5a-1 (RNAi) and wdr5a-2 (RNAi), were created. These lines grown in long days developed normally except that they flowered earlier than the parental Col ( Figures 2B and 2C) . We further quantified transcript levels of WDR5a and WDR5b in these two lines and found that WDR5a expression was greatly reduced, whereas levels of WDR5b transcripts remained unchanged in both lines compared with Col ( Figure 2D ), indicating that the RNAi specifically knocks down only WDR5a expression. In addition, we characterized another seven independent wdr5a (RNAi) lines and found that all of them flowered earlier than Col (see Supplemental Table 1 online) . Together, these data show that WDR5a represses the floral transition.
WDR5a Promotes the Expression of FLC and an FLC Homolog
FLC is a central floral repressor in Arabidopsis. We examined whether WDR5a promotes FLC expression to repress flowering (note that FLC is expressed at a low level in Col, a rapid-cycling accession) and found that FLC transcript levels in wdr5a (RNAi) lines were strongly reduced compared with Col ( Figure 2E ). Hence, WDR5a indeed upregulates FLC expression to delay flowering. Recent studies have shown that FLC homologs, including FLOWERING LOCUS M (FLM) (Scortecci et al., 2001) , MADS BOX AFFECTING FLOWERING2 (MAF2), and MAF4 (Ratcliffe et al., 2003; Gu et al., 2009) , moderately repress Arabidopsis flowering. We examined the expression of these three genes in wdr5a-1 and -2 (RNAi) lines and found that MAF4 transcript levels were reduced, whereas FLM and MAF2 were expressed in both lines at levels similar to those in Col (see Supplemental Figure 2 online). Thus, WDR5a upregulates the expression of the floral repressors FLC and MAF4. Interestingly, these two genes are still expressed at very low levels in both RNAi lines, which most likely is due to low residual levels of WDR5a.
As described earlier, recent studies have identified a number of genes required for FLC expression. We examined the expression of a few of these FLC regulators in wdr5a (RNAi) lines, including ATX1, PIE1, ELF7, FRL1, FES1, and SUF4. None of these genes was affected by WDR5a knockdown (see Supplemental Figure 3A online), indicating that WDR5a may directly promote FLC expression.
WDR5a Knockdown Specifically Suppresses FRI-Mediated FLC Upregulation but Not FLC Activation upon Loss of FLD Activity FLC is upregulated by FRI and repressed by the AP genes; thus, either the presence of a functional FRI or a mutation in an AP gene causes delayed flowering due to elevated FLC expression. To evaluate the genetic interaction of FRI with WDR5a suppression, a functional FRI from FRI-Col (Lee et al., 1994) was introduced into wdr5a-1 and -2 (RNAi) lines. The late-flowering phenotypes conferred by FRI were strongly suppressed by WDR5a knockdown ( Figure 3A ; see Supplemental Figure 4 online). To evaluate the effect of WDR5a knockdown on FLC expression in the fld mutant, fld was introduced into the wdr5a (RNAi) lines. Interestingly, the late-flowering phenotypes of fld were not suppressed by WDR5a knockdown ( Figure 3A ; see Supplemental Figures 3B and 4 online). Recently, it has been shown that another AP gene FCA mainly acts through FLD to repress FLC expression . We introduced fca into the wdr5a-1 line and found that the late-flowering phenotypes of fca mutants were only slightly suppressed by WDR5a knockdown ( Figure 3A) .
Consistent with the flowering phenotypes, elevated FLC expression in fld mutants was only slightly reduced, whereas the transcript levels of FLC in the FRI background were greatly reduced by WDR5a knockdown ( Figures 3B and 3C ). In addition, FLC expression in fca mutants was slightly suppressed by WDR5a knockdown ( Figure 3C ). To rule out the possibility of that WDR5a knockdown might suppress FRI expression, we examined FRI expression in FRI;wdr5a-1 and found that it was not affected by WDR5a knockdown (see Supplemental Figure  3C online). Together, these data show that WDR5a knockdown specifically suppresses FRI-mediated FLC upregulation, but not elevated FLC expression in fld or fca mutants. Thus, WDR5a is required for FLC upregulation by FRI.
WDR5a Is Localized in the Nucleus and Preferentially Expressed in Shoot and Root Apical Regions and Vasculature
WDR5a, like the human WDR5, may act to activate target-gene expression. Consistent with its role as a transcriptional activator, the WDR5a fusion protein with green fluorescent protein (GFP) was specifically localized to the nucleus ( Figure 4A ). To examine the spatial expression pattern of WDR5a, we fused the 59 promoter plus part of the coding region of WDR5a with the reporter gene GUS (for b-GLUCURONIDASE). WDR5a was preferentially expressed in shoot and root apical regions in seedlings, which are enriched with dividing cells, and was also expressed in vasculature ( Figure 4B ). This pattern is nearly identical to that of FLC-GUS in the FRI background ( Figure 4B ). WDR5a knockdown nearly eliminated FLC-GUS expression in shoot apical regions and leaf vasculature in the FRI background ( Figure  4B ), consistent with the notion that WDR5a functions as an activator that mediates FLC upregulation by FRI.
Recombinant WDR5a Binds K4-Methylated Histone H3 Peptides
The human WDR5 recognizes and binds to the histone H3 N-terminal tail (Wysocka et al., 2005; Ruthenburg et al., 2006) and presents the H3K4 side chain for processive methylation: from unmodified K4 to mono-to di-to trimethylated form as WDR5 knockdown causes a strong reduction in mono-, di-, and trimethyl H3K4 in human cells (Wysocka et al., 2005; Dou et al., 2006; Ruthenburg et al., 2006) . It was of interest to determine whether WDR5a may directly interact with the K4-methylated H3 tails. First, glutathione S-transferase (GST)-tagged WDR5a was expressed in Escherichia coli and purified by affinity purification ( Figure 5A ). Next, we performed H3 peptide pull down assays using GST-WDR5a. Like the human WDR5 (Wysocka et al., 2005) , the WDR5a fusion protein was enriched in the K4-mono-, di-, or trimethylated peptide pulldown with a stronger association with the K4-dimethylated H3 peptides ( Figure 5B ). Thus, WDR5a can recognize and bind K4-methylated H3 tails.
FRI Mediates WDR5a Enrichment at the FLC Locus
To investigate whether WDR5a bound to FLC chromatin, we performed chromatin immunoprecipitation (ChIP) using the human anti-WDR5 antibody, which recognizes both WDR5a and WDR5b (see Supplemental Figure 5 online). Previously, it has been shown that in actively transcribed FLC chromatin, levels of H3K4me3 increase in the region around the transcription start site (TSS) (FLC-P; as shown in Figure 6A ) but not in the 39 region of Intron I of FLC (FLC-I) or the middle of FLC (FLC-M) (He et al., 2004; Saleh et al., 2008a) . We first quantified amounts of the immunoprecipitated FLC fragments from Col and wdr5a-1 (RNAi) seedlings and found that WDR5a knockdown led to a reduction in WDR5a binding to the FLC-P region, whereas the amounts of FLC-I and FLC-M fragments in wdr5a-1 were similar to those in Col (see Supplemental Figure 6 online). These data suggest that WDR5a directly interacts with the FLC locus.
Second, we investigated whether a functional FRI would mediate WDR5a enrichment at FLC using ChIP. Indeed, we found that WDR5a was enriched in the region around TSS (FLC-P) but not in FLC-I or FLC-M in the presence of FRI ( Figure  6B ). Furthermore, WDR5a knockdown eliminates the WDR5a enrichment at FLC-P ( Figure 6B ). Together, these data show that FRI mediates WDR5a enrichment at the FLC-P region, consistent with the H3K4me3 enrichment in this region in the presence of FRI (He et al., 2004) (also see Figure 6D ).
Third, we examined whether in fld mutants WDR5a binding to FLC chromatin was also increased but found that WDR5a was not enriched in FLC-P, FLC-I, or FLC-M in fld relative to wild-type Col ( Figure 6C ). Hence, WDR5a enrichment is not associated with elevated FLC expression upon loss of FLD activity. Interestingly, WDR5a knockdown led to a moderate reduction in WDR5a binding to FLC-P in fld;wdr5a-1 relative to fld and Col ( Figure 6C ), which may contribute to a slight reduction in FLC expression in fld mutants as shown in Figure 3C .
WDR5a Enrichment at FLC Is Required Specifically for Elevated H3K4me3 in the Presence of FRI
To investigate the effect of WDR5a knockdown on the H3K4me3 state in FLC in the FRI background, we performed ChIP using antiH3K4me3. Consistent with the previous findings (He et al., 2004) , H3K4me3 was enriched in the region around TSS in the FRI background. Furthermore, we found that WDR5a knockdown eliminated this H3K4me3 enrichment in FLC-P ( Figure 6D) ; hence, this enrichment mediated by a functional FRI is WDR5a dependent.
We further examined the H3K4me3 state of FLC chromatin in fld mutants upon WDR5a knockdown. Consistent with our previous findings (He et al., 2004; Jiang et al., 2007) , H3K4me3 was enriched in the FLC-P region but not in FLC-I in fld relative to Col ( Figure 6E ). Recent studies show that dimethylated H3K4 is enriched in the middle of FLC (FLC-M) upon loss of FLD activity . Interestingly, the levels of H3K4me3 in FLC-M were not increased in fld relative to Col ( Figure 6E) .
Next, we compared the levels of H3K4me3 in FLC-P in fld and fld;wdr5a-1 seedlings. In contrast with the strong reduction in H3K4me3 in the FRI background upon WDR5 knockdown (Figure 6D) , the level of H3K4me3 in FLC-P in fld;wdr5a-1 was close to that in fld ( Figure 6E) ; hence, WDR5a suppression has little effect on H3K4me3 in FLC chromatin upon loss of FLD activity. Together, these data show that WDR5a enrichment at FLC chromatin is required specifically for the H3K4me3 increase in the presence of FRI.
WDR5a Interacts with the ATX1 Histone H3K4 Methyltransferase
As noted above, WDR5a enrichment at FLC is required for FRImediated increase of H3K4me3 in FLC chromatin. WDR5a is expected to act in the context of an H3K4 methyltransferase complex to promote FLC expression. Recent studies show that ATX1, an H3K4 methyltransferase (Alvarez-Venegas et al., 2003) , is required for H3K4me3 in FLC (Pien et al., 2008) . We sought to address whether WDR5a and ATX1 act as part of a complex that catalyzes H3K4me3. First, yeast two-hybrid assays were performed using the full-length WDR5a and ATX1 proteins; we found that these two proteins interacted strongly in yeast ( Figure 7A ). Next, we performed GST-ATX1 pull-down experiments using protein extracts from E. coli expressing GST-ATX1 or recombinant WDR5a (see Supplemental Figure 7 online) and found that GST-ATX1, but not GST, could effectively bind WDR5a ( Figure  7B ). Together, these data suggest that WDR5a and ATX1 may act in a complex to mediate H3K4 methylation.
Effect of FRI and Loss of FLD Function on FLC Upregulation
FRI can override FLD-mediated FLC repression to upregulate FLC expression in winter annuals. We sought to address how FRI might interfere with FLD function. We first investigated the (A) Interaction of WDR5a with ATX1 in yeast. Full-length WDR5a and ATX1 proteins were fused to GAL4 activation (AD) and DNA binding domains (BD), respectively. Yeast strains harboring these fusion constructs and/or empty vectors, as indicated, were grown on a selective medium lacking histidine and adenine. (B) GST-ATX1 pull-down assays. An equal amount of the bacteria extract containing GST or GST-ATX1, or noninduced E. coli extract indicated as À, was incubated with the extract containing His-WDR5a. Proteins were recovered using glutathione-linked resins and analyzed by immunoblotting with anti-WDR5. Input corresponds to ;3% of the His-WDR5a extract used in the pull-down assays. Figure 6D ). Data in the graphs are average values from two ChIP experiments (each quantified in triplicate), and error bars represent SD. The examined regions are as illustrated in Figure 6A . Figure 8A ). Furthermore, we examined the H3K4me3 state of FLC chromatin in FRI-Col, fld, and FRI;fld seedlings using ChIP. The levels of H3K4me3 in FRI;fld were higher than those in either FRI-Col or fld ( Figure 8B ). In addition, we examined FLC expression in these lines and found that the transcript levels of FLC in FRI;fld were higher than those in either FRI-Col or fld ( Figure 8C) , consistent with the H3K4me3 levels in these lines. Hence, the effect of FRI and loss of FLD function on the H3K4me3 state and FLC upregulation appears partially additive.
FRI Does Not Disrupt the Recruitment of FLD to FLC Chromatin but May Compromise FLD Function
Although it has been shown that FLD is an FLC repressor, it was unknown whether FLD acted directly on the FLC locus or indirectly. To examine the interaction of FLD with the FLC locus, we performed ChIP assays using a transgenic line expressing a functional myc-tagged FLD ( Figure 9A ). FLD was enriched in the region around TSS of FLC but not in the 39 region of Intron I or the middle of FLC ( Figure 9B ). Thus, FLD interacts with FLC chromatin to mediate H3K4 demethylation in FLC.
Next, we investigated the effect of FRI on FLD binding to FLC chromatin and, surprisingly, found that in the presence of FRI, FLD still bound to FLC chromatin and that levels of FLD recruited to the FLC locus were similar with and without FRI ( Figure 9C ). Thus, FRI does not disrupt the recruitment of FLD to FLC chromatin. The FLD protein at FLC is at least partially functional because loss of FLD activity gives rise to a moderate increase of H3K4me3 in FLC in the FRI background ( Figure 8B ). Interestingly, FLD function appears compromised in the presences of FRI as indicated by the less than predicted fully additive effect of FRI and fld on H3K4me3 in FLC.
DISCUSSION
In this study, we show that FRI mediates the enrichment of WDR5a at FLC chromatin and that WDR5a can bind the K4-methylated H3 tails and directly interact with the ATX1 H3K4 methyltransferase. The enrichment of WDR5a causes elevated H3K4me3 in FLC and FLC upregulation. In rapid-cycling accessions that lack FRI, an AP component, FLD, is recruited to the FLC locus to mediate H3K4 demethylation, and loss of FLD activity causes an increase in H3K4me3 that does not require WDR5a enrichment at FLC chromatin. FRI does not disrupt the recruitment of FLD to the FLC locus but may compromise FLD function. Our findings suggest that FRI is involved in the enrichment of a WDR5a-containing COMPASS-like complex at the FLC locus that methylates H3K4, leading to FLC upregulation and thus the establishment of winter-annual growth habit.
Two Distinct Mechanisms Underlie Elevated H3K4me3 in FLC Chromatin
Previously, it has been shown that elevated H3K4me3 in FLC chromatin is associated with FLC upregulation in the FRI background or AP mutants, such as fld and fca, and requires the PAF1c complex (He et al., 2004; Kim et al., 2005) ; however, the underlying mechanisms are unclear. The findings in this study suggest that there are two distinct mechanisms by which H3K4me3 can be elevated at the FLC locus. In the first mechanism, FRI mediates WDR5a enrichment followed by H3K4me3 enrichment at the FLC locus, particularly in the region around the transcription start site, part of which is required for elevated FLC expression because an 80-bp deletion in the 59 untranslated region of the FLC-P region suppresses FLC expression (He et al., 2004) . The H3K4me3 enrichment in the presence of FRI requires WDR5a. In the second mechanism, loss of FLD activity disrupts H3K4 demethylation, resulting in H3K4me3 enrichment in FLC chromatin. This does not require WDR5a enrichment at the FLC locus. Therefore, both WDR5a enrichment-dependent H3K4 methylation and disruption of H3K4 demethylation can cause elevated H3K4me3 in FLC chromatin.
FLD-Mediated H3K4 Demethylation in FLC Chromatin
FLD is a plant homolog of the human LSD1 that has been found in HDAC corepressor complexes and demethylates mono-and dimethyl H3K4 (Shi et al., 2004; Lee et al., 2006) . Upon loss of FLD activity, H3K4me3, and to a lesser degree, H3K4 dimethylation in FLC chromatin increase (He et al., 2004; Jiang et al., 2007; Liu et al., 2007) . The increase in H3K4me3 may be due to an increased availability of dimethyl H3K4 to an H3K4-methyltransferase complex (also see discussion below); on the other hand, the reduction of H3K4me3 in the presence of FLD may be attributed to a decrease in the dimethyl K4 level.
There are several lines of evidence to suggest that FLD functions as an H3K4 demethylase. First, a point mutation that changes a Pro into a Leu in the conserved FAD (for flavin adenine dinucleotide; a cofactor for catalysis) binding subdomain in the FLD protein eliminates its function (Chen et al., 2006; Liu et al., 2007) . In addition, we noticed that the purified FLD protein from E. coli, like the purified LSD1, was light yellow, which is characteristics of FAD binding proteins (Shi et al., 2004) . Second, recent studies show that LSD1 LIKE1 (LDL1), another Arabidopsis homolog of LSD1, specifically demethylates H3K4 and that LDL1 mediates H3K4 demethylation in FLC and acts in partial redundancy with FLD to repress FLC expression (Jiang et al., 2007; Spedaletti et al., 2008) . Taken together, these findings suggest that FLD and LDL1 function as H3K4 demethylases to repress FLC repression.
A Putative WDR5a-Containing H3K4 Methyltransferase Complex Involved in FRI-Mediated H3K4me3 in FLC
The yeast COMPASS complex and the human COMPASS-like complexes all contain four evolutionarily conserved core components (Shilatifard, 2008) . Besides WDR5a and WDR5b, Arabidopsis also has homologs of the other three core components of the COMPASS-like complexes, including seven homologs of the yeast Set1 H3K4 methyltransferase (two of these homologs are ATX1 and ATX2) (Alvarez-Venegas et al., 2003; Springer et al., 2003) , a single homolog of RbBP5, and a single homolog of Ash2 (data not shown), suggesting that COMPASS-like complexes are evolutionarily conserved in Arabidopsis.
Recent studies show that both ATX1 and ATX2 are involved in FLC regulation (Pien et al., 2008) . ATX1, an H3K4 methyltransferase, is directly involved in H3K4me3 in FLC chromatin and required for FLC upregulation in the presence of FRI (Pien et al., 2008) , whereas the biochemical role of ATX2 in FLC regulation is unclear, as its biochemical function is distinct from ATX1 (Saleh et al., 2008b) . We have found that WDR5a interacts with ATX1, suggesting that these proteins may act in a complex. In addition, the spatial expression patterns of WDR5a, ATX1, and FLC overlap. It has been shown that like FLC, the GUS reporter (A) In rapid-cycling accessions, FLD mediates repressive histone modifications to repress FLC expression and thus accelerate flowering. FLD (or a putative FLD-containing HDAC corepressor complex) is recruited to the FLC locus and mediates demethylation of mono-and dimethyl H3K4 and deacetylation of core histone tails to establish a repressive chromatin environment. (B) FRI mediates WDR5a enrichment followed by elevated H3K4me3 in FLC to upregulate FLC expression resulting in the winter-annual growth habit. In winter annuals, SUF4 recognizes and binds to the FLC promoter and subsequently recruits FRI and FRL1 to the FLC locus. FRI may promote the recruitment of a WDR5a-containing COMPASS-like H3K4 methyltransferase complex to FLC chromatin to catalyze H3K4 methylation and may also cause a partial disruption of the function of FLD or an FLD complex, resulting in FLC upregulation. FRL1 and/or other cofactors may be involved in FRI-mediated enrichment of a WDR5a-containing complex at FLC.
[See online article for color version of this figure. ] driven by the ATX1 promoter, can be readily detected in vasculature and shoot and root apical regions in seedlings (Saleh et al., 2008b) . We have found that like FLC, WDR5a is preferentially expressed in vasculature and shoot and root apical regions in seedlings. Together, these findings suggest that ATX1 is part of a WDR5a-containing complex that is enriched at the FLC locus by a functional FRI to methylate H3K4, leading to FLC activation.
The human WDR5 is an essential structural component of the COMPASS-like H3K4 methyltransferase complexes. It recognizes and binds H3 tails as revealed by peptide pulldown and peptide binding assays and functions to present H3K4 for methylation by an H3K4 methyltransferase (Wysocka et al., 2005; Dou et al., 2006; Ruthenburg et al., 2006) . We have found that WDR5a can bind to K4-methylated H3 peptides with a stronger association with H3K4me2. Although the recombinant WDR5a was not enriched in the K4-unmodified H3 peptide pulldown ( Figure 5B ), it is likely that WDR5a may recognize and bind unmodified H3K4 peptides at a low affinity. Given the close homology and functional similarity of WDR5a and the human WDR5, it is likely that WDR5a may function to present the H3K4 side chain for methylation in target loci.
H3K4 Methylation in fld;wdr5a (RNAi) Mutants
Levels of methylated H3K4 are dynamically regulated by H3K4 methyltransferases and demethylases. Prior to being demethylated, the K4 residues must be methylated first; hence, although disruption of H3K4 demethylation at the FLC locus upon loss of FLD activity causes an increase in methylated K4 residues, it is expected that at least a low level of H3K4 methylation would still be required for the increase in H3K4me3 in fld mutants. Interestingly, knockdown or suppression of WDR5a-dependent H3K4 methylation in FLC has little effect on the H3K4 trimethylation of FLC chromatin in fld mutants. One possibility is that the elevated H3K4 trimethylation upon loss of FLD activity is WDR5a independent. A second possibility is that in the event of WDR5a knockdown, the remaining WDR5a proteins (see Supplemental Figure 5 online) may act in the context of an ATX1-containing COMPASS-like complex to processively convert mono-and dimethyl H3K4 to trimethyl H3K4 in fld mutants. As noted above, loss of FLD activity is expected to give rise to an increase in both mono-and dimethyl H3K4, and the increased substrate availability to the H3K4 methyltransferase complex at the FLC locus in fld mutants may compensate for the reduced complex levels upon WDR5a knockdown.
FRI-Mediated WDR5a Enrichment at the FLC Locus
Although both FRI and loss of FLD activity lead to elevated H3K4me3 in FLC, we have found that WDR5a is enriched at the FLC locus only in the presence of FRI. As noted above, WDR5a and ATX1 may act as part of a COMPASS-like complex to methylate H3K4 in FLC. Now the question is how a functional FRI mediates the enrichment of a WDR5a-containing complex at the FLC locus. Recent studies show that SUF4, a zinc finger protein, directly binds the FLC promoter and that SUF4 also can interact with FRI and an FRI homolog, FRL1, and may be involved in the recruitment of FRI to the FLC locus Kim and Michaels, 2006) . As illustrated in Figure 10 , we speculate that the FRI proteins localized in the FLC locus via SUF4 may promote the recruitment of a WDR5a-and ATX1-containing COMPASS-like complex to this locus, leading to elevated H3K4me3 and thus FLC upregulation.
As noted earlier, FRI can override FLD to upregulate FLC expression in winter annuals. We have found that FRI does not disrupt the recruitment of FLD (or FLD-containing corepressor complex) to FLC chromatin but may partially disrupt FLD function. Because the AP genes FCA and FPA mainly function through FLD to repress FLC expression Baurle and Dean, 2008) , a functional FRI may also disrupt the FLC repression mediated by these two genes. Taken together, our study suggests that FRI may play a dual role in the H3K4 trimethylation of FLC chromatin, namely, enriching an H3K4 methyltransferase complex and compromising H3K4 demethylation at FLC, to upregulate FLC expression and thus establish the winter-annual growth habit.
METHODS

Plant Materials and Growth Conditions
Arabidopsis thaliana fld-1, fld-3 , fca-9 (Baurle and Dean, 2008) , and FRI-Col (Lee et al., 1994) were described previously. The wdr5b mutant was isolated from the Versailles transformant collection (Samson et al., 2002) . Plants were grown under cool white fluorescent light in long days (16 h light /8 h night) at ;228C.
RNA Analysis
Total RNAs from aerial parts of ;10-d-old seedlings grown in long days were extracted as described previously (Jiang et al., 2007) . cDNAs were reverse transcribed from total RNAs with Moloney murine leukemia virus reverse transcriptase (Promega). Real-time quantitative PCR was performed on an ABI Prism 7900HT sequence detection system using SYBR Green PCR master mix as described previously (Jiang et al., 2007) . Each sample was quantified in triplicate and normalized using TUB2 (At_5g62690) as the endogenous control. Primers used for the amplification of FLC, FLM, MAF2, MAF4, TUB2, and ACT2 have been described previously (Jiang et al., 2007; Gu et al., 2009) , and the primers used for WDR5a and WDR5b amplification are specified in Supplemental Table 2 online.
Knockdown of WDR5a Expression via Double-Stranded RNAi
A 232-bp WDR5a-specific fragment (from +957 to +1188 of WDR5a cDNA; the transcription start site is set as +1) was used to create a hairpin RNA by the AGRICOLA consortium (Hilson et al., 2004) ; the resulting binary plasmid was introduced into Agrobacterium tumefaciens strain GV3101 carrying pMP90 and pSOUP helper plasmids through electroporation and subsequently was introduced into Col by the floral dip method (Clough and Bent, 1998) .
Plasmid Construction
To construct the WDR5a-GFP plasmid, the entire coding sequence of WDR5a except the stop codon (1.0 kb) was inserted between the 35S promoter and GFP in the pMDC85 vector (Curtis and Grossniklaus, 2003) via Gateway technology (Invitrogen); the coding sequence is in-frame with the downstream GFP reporter gene. To construct the WDR5a-GUS plasmid, a 1.75-kb WDR5a genomic fragment (from 21617 to +150; A of the start codon as +1) including a 1.6-kb 59 promoter plus a 0.15-kb genomic coding sequence was inserted into the pBGWFS7 vector (Karimi et al., 2005) via Gateway technology; the genomic coding sequence is inframe with the downstream GUS reporter gene. To construct the FLDmyc plasmid, a 4424-bp FLD (from 21900 to +2524; A of the start codon as +1) genomic fragment including a 1.9-kb 59 promoter plus the 2.5-kb genomic coding sequence was inserted into a vector derived from pCTAPa (Rubio et al., 2005) in which a stop codon has been introduced in between the coding sequences for the 9x c-myc tag and the IgG binding domain; FLD is in-frame with the downstream 9x c-myc.
Peptide Pull-Down Assay
GST-WDR5a and GST were overexpressed in Escherichia coli and affinity-purified using glutathione-linked resins according to the manufacturer's instructions (Sigma-Aldrich). Peptide pulldown was performed as described by Wysocka et al. (2005) . Briefly, a mixture of ;10-fold excess of GST (40 mg) with ;4.0-mg GST-WDR5a (estimated) was first precleared with avidin beads (Sigma-Aldrich); subsequently, 5.0-mg H3 peptides with unmodified, mono-, di-, or trimethylated K4, conjugated with biotin (Millipore), were incubated with the avidin beads and the protein mixture; beads were washed six times and subsequently the proteins bound to the beads were eluted by boiling using a 23 SDS-PAGE loading buffer. The mock is a control in which the protein mixture was incubated with the avidin beads alone. Elutes were analyzed by SDS-PAGE and Coomassie Brilliant Blue staining.
Protein Pull-Down Assay
The pulldowns were performed as described by Calonje et al. (2008) . Briefly, after isopropyl-b-D-thiogalactopyranoside induction, E. coli (BL21 DE3) cells expressing GST-ATX1, His-WDR5a, or GST were harvested by centrifugation, resuspended in 1.0-mL binding buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 1 mM phenylmethylsulphonyl fluoride, and 13 Roche proteinase inhibitors), and sonicated. The protein extracts were centrifuged and an equal amount of the extract (300 mL for each extract) containing GST or GST-ATX1, or noninduced E. coli extract, was mixed with the His-WDR5a extract with rotating for 4 h at 48C; subsequently, 40 mL of glutathione-linked resins (Sigma-Aldrich) was added into the mixture and incubated with rotating for another 2 h at 48C. The beads were washed four times with the binding buffer. Proteins were eluted and further analyzed by immunoblotting using an antibody raised against the human WDR5 (Abcam).
ChIP and Real-Time Quantitative PCR Assay
The ChIP experiments were performed as described previously using 10-d-old seedlings (Johnson et al., 2002) . Rabbit polyclonal anti-trimethylhistone H3 (Lys 4) (Abcam), anti-WDR5 (Abcam), and anti-c-Myc (Lab Vision) were used in the immunoprecipitation experiments. Rabbit IgG (Millipore) was used as a negative control in each ChIP experiment to check the background levels of DNA fragments. The amounts of the immunoprecipitated genomic DNA were quantified by real-time PCR. Quantitative measurements of FLC-P, FLC-I, and FLC-M fragments were performed on an ABI Prism 7900HT sequence detection system using SYBR Green PCR master mix. Primers used to amplify FLC-P and TUB2 have been described previously (Jiang et al., 2007) , and primers used to amplify FLC-I and FLC-M are specified in Supplemental Table 2 online. Each of the immunoprecipitations was repeated independently once. The relative fold changes are the average of six measurements of two ChIP experiments (each quantified in triplicate), and error bars are standard deviations of the six quantitative PCR assays.
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